It is well known that the type III secretion system (T3SS) and type III (T3) effectors are essential for the pathogenicity of most bacterial phytopathogens and that the expression of T3SS and T3 effectors is suppressed in rich media but induced in minimal media and plants. To facilitate in-depth studies on T3SS and T3 effectors, it is crucial to establish a medium for T3 effector expression and secretion. Xanthomonas campestris pv. campestris (Xcc) is a model bacterium for studying plant-pathogen interactions. To date no medium for Xcc T3 effector secretion has been defined. Here, we compared four minimal media (MME, MMX, XVM2, and XOM2) which are reported for T3 expression induction in Xanthomonas spp. and found that MME is most efficient for expression and secretion of Xcc T3 effectors. By optimization of carbon and nitrogen sources and pH value based on MME, we established XCM1 medium, which is about 3 times stronger than MME for Xcc T3 effectors secretion. We further optimized the concentration of phosphate, calcium, and magnesium in XCM1 and found that XCM1 with a lower concentration of magnesium (renamed as XCM2) is about 10 times as efficient as XCM1 (meanwhile, about 30 times stronger than MME). Thus, we established an inducing medium XCM2 which is preferred for T3 effector secretion in Xcc.
Introduction
The gram-negative bacterium Xanthomonas campestris pv. campestris (Xcc) is the causal agent of black rot disease, one of the most serious diseases of cruciferous crops worldwide (Alvarez, 2000) . Over the last two decades, this pathogen has been used as a model bacterium for studying pathogen-plant interactions. Like many other important pathogenic bacteria, the pathogenicity of Xcc mainly relies on the type III secretion system (T3SS) that translocates so-called type III (T3) effector proteins into host cells. Generally the T3 effector proteins have a modular structure and the targeting signal resides in the first N-terminal 50 or 100 amino acids (Schechter et al., 2004) . The T3SS of Xcc is encoded by hrp (hypersensitive response and pathogenicity) genes whose expression is controlled by the key regulators HrpG and HrpX (Arlat et al., 1991; Huang et al., 2009) . It has been demonstrated that in Xanthomonas spp. the expression of hrp genes and most T3 effector genes is repressed in rich media but induced in minimal media and in plant tissues (Schulte and Bonas, 1992b; Tsuge et al., 2002; Ryan et al., 2007; Wei et al., 2007) .
The secretion of many T3 effectors is barely detectable in culture media, even with sensitive immunodetection (Collmer et al., 2002) . To facilitate in-depth studies on T3SS and T3 effector proteins, it is crucial to establish a medium in which bacterial cells not only express their hrp genes strongly but also secrete their T3 effector proteins efficiently. To date, four minimal media (MME, MMX, XVM2, and XOM2) have been used for expression induction of hrp genes in Xanthomonas spp., of which XOM2 and XVM2 have been developed for T3 secretion induction of X. oryzae pv. oryzae (Xoo) and X. campestris pv. vesicatoria (Xcv) respectively (Wengelnik et al., 1996; Tsuge et al., 2002; Ryan et al., 2007; Wei et al., 2007) . However, the secretion efficiency of T3 effectors by Xcc in these media has not been determined. Moreover, no inducing medium for T3 effector secretion has been established in Xcc. In this work, based on a comparison of the four reported media, we investigated the effect of carbon and nitrogen sources, phosphate, calcium, and magnesium as well as pH value on T3 secretion efficiency of Xcc. Finally, we optimized a medium XCM2 that showed highly efficient induction of T3 effector secretion in Xcc.
Materials and Methods
Bacterial strains, plasmids, and growth conditions Escherichia coli cells were grown in LB medium (Miller 1972) at 37°C. Xcc wild-type strain 8004 (Daniels et al., 1984) and its derivative strains were cultivated at 28°C in NYG rich medium (3 g/L yeast extract, 5 g/L peptone, 20 g/L glycerol, pH 7.0) (Daniels et al., 1984) (Wengelnik et al., 1996) , XOM2[10 mM sodium L-glutamate, 1.8 g/L xylose, 0.67 mM methionine, 0.04 mM MnSO 4 , 5 mM MgCl 2 , 14.7 mM K 2 HPO 4 , pH 6.5] (Tsuge et al., 2002) , XCM1 [20 mM succinic acid, 0.15 g/L casamino acids, 7.57 mM (NH 4 ) 2 SO 4 , 1 mM MgSO 4 , 60.34 mM K 2 HPO 4 , 33.07 mM KH 2 PO 4 , pH 6.6], or XCM2 (as XCM1 but with 0.01 mM MgSO 4 ). Antibiotics were used as described previously (Daniels et al., 1984) .
DNA manipulations
Standard DNA manipulations were carried out as described previously (Sambrook et al., 1989) . Enzymes supplied by Promega (USA) were used in accordance with the manufacturer's instructions. The conjugation between Xcc and E. coli strains was performed as described previously (Daniels et al., 1984) .
Construction of reporter plasmids and strains
It is well known that T3 effectors normally have a modular structure, of which the secretion signal generally resides in the N-terminal 50 or 100 amino acids (Schechter et al., 2004) . Our previous work demonstrated that xopXccN of Xcc encodes a T3 effector . In this work, we employed the reporter plasmid pLGUS0241 of XopXccN to study induction efficiency of T3 effector secretion. Another reporter plasmid, named pLGUS1553, was constructed by fusing the promoter and T3 signal sequences of the T3 effector gene avrAC Xcc8004 (Xu et al., 2008) with the promoterless b-glucuronidase (gusA) gene in the vector pLGUS . These reporter plasmids were introduced from E. coli JM109 (Yanisch-Perron et al., 1985) into Xcc wild-type strain 8004 and the T3SS-deficient mutant strain 8004DhrcV (data not published) by triparental conjugation using pRK2073 (Leong et al., 1982) as the helper plasmid, respectively. The yielding transconjugant strains 8004/pLGUS0241, 8004/pLGUS1553, and 8004DhrcV/pLGUS0241 were used for GUS activity assay.
The promoter and T3 signal sequences of xopXccN were cloned into the EcoRI/BamHI sites of the reporter plasmid pJAG , which was constructed previously and contains Plac promoter upstream of the multiple cloning sites and avrBs1 fused with the 5' end of 3xFLAG. The resulting plasmid named pJAG0241 was transferred into the strains 8004 and 8004DhrcV by triparent conjugation, respectively. The yielding transconjugant strains 8004/pJAG0241 and 8004DhrcV/pJAG0241 were used for immunoblotting analysis.
GUS activity assay
The overnight cultured Xcc strains in NYG (pH 7.0) were resuspended to an optical density of 0.1 (600 nm) and cultivated in corresponding minimal medium with corresponding pH value for 20 h. To determine the GUS activity of secreted proteins, the bacterial cells of 15-mL culture for each strain was separated by centrifugation at 4000 g at 4°C for 20 min. The supernatant was filtered with a lowprotein-binding filter (Millipore Express Membrane, 0.22 mm, Millipore Corporation, USA). The cell-free supernatant concentrated to 500 mL with centrifugal filter units (Amicon Ultra-15, 10 kD, Millipore, USA) was taken for GUS activity determination. For determination of the total GUS activity, 200 mL culture for each strain was mixed with 40 mL methylphenol and vortexed. The supernatant was then taken for GUS activity assay. The GUS ac-tivity assay was performed by measurement of the OD 415 using r-nitrophenyl-b-D-glucuronide as substrate as described previously (Jefferson et al., 1986) .
Western immunoblotting analysis
The supernatants of bacterial culture were extracted with the same conditions as in the GUS activity assay. For intracellular T3 effector analysis, after incubation for 20 h, bacterial cells from 2-mL culture were precipitated and resuspended with 100 mL/OD.mL 1 western blue [6: 0.35 M Tris-HCl (pH 6.8), 10.28% SDS, 36% glycerol, 0.6 M DTT, 0.012% bromophenol blue, Promega]. Aliquots of 20 mL were analyzed by immunoblotting. Anti-FLAG M5 polyclonal antibody and goat anti-rabbit IgG antibody (Sigma) were used as the primary and secondary antibodies, respectively. Reactions were visualized by WEST-ZOL TM western blotting detection kit (iNtRON).
Results
Comparison of four hrp-inducing media reported in Xanthomonas for T3 secretion efficiency of Xcc
As described above, it has been reported that the following four minimal media can significantly induce the expression of hrp genes in Xanthomonas spp.: XVM2 in Xcv (Wengelnik et al., 1996) , XOM2 in Xoo (Tsuge et al., 2002) , MME and MMX in Xcc (Ryan et al., 2007; . To compare the T3 secretion efficiency of Xcc in these four minimal media, we cultured the strain 8004/pLGUS0241 in the media and evaluated their GUS activities. Strain 8004/pLGUS0241 was constructed previously by introducing the reporter plasmid pLGUS0241 into the wild-type strain 8004 . The reporter plasmid pLGUS0241 was created by fusing the promoter and T3 secretion signal sequence of the effector gene xopXccN with the promoterless gusA gene cloned in the vector pLAFR6 (Huynh et al., 1989) . The GUS activity produced by strain 8004/pLGUS0241 can therefore reflect the production of the T3 effector XopXccN. As shown in Figure 1a , after 20 hours, the strain grown in MME medium produced 2.5-to 36-fold stronger total GUS activities than in other three media. GUS activities in the supernatants of XVM2 and XOM2 cultures were nearly undetectable (Figure 1b) . Although some GUS activity was present in the supernatant of MMX culture, its level was significantly lower than that in the MME culture supernatant (Figure 1b) . Simultaneously, we also assessed the influence of different pH values in the media on the GUS production of the strain and the result showed that the optimal pH value for the GUS production of the strain in MME medium was 6.6 ( Figure 1) . To verify the GUS activity in culture supernatant was not due to a leakage from the bacterial cells but secreted by T3SS, GUS activity in the culture supernatant of strain 8004DhrcV/pLGUS0241, a strain constructed by introducing the reporter plasmid pLGUS0241 into the T3SS-deficient mutant 8004DhrcV, was assayed. No de- tectable GUS activity was observed in the culture supernatants of 8004DhrcV/pLGUS0241 grown in the four media for 20 hours (data not shown), suggesting that the above detected GUS activities in culture supernatants were not from a leakage of bacterial cells. Taking together, these results indicate that among the four media tested, MME is most efficient for induction of Xcc T3 expression and secretion. Therefore, MME was chosen for further study.
Effect of amino acids in MME medium on T3 secretion efficiency
The main carbon and nitrogen sources in MME medium are glutamate (Glu, an acidic amino acid) and casamino acids. To assess whether different amino acids have different effect on T3 secretion induction, we replaced glutamate in MME medium with alanine (Ala, a neutral amino acid), arginine (Arg, an alkaline amino acid), and aspartate (Asp, an acidic amino acid), respectively. After incubated in these different media for 20 hours, the GUS activities produced by strain 8004/pLGUS0241 were assayed. As shown in Table 1 , the total GUS activities of strain 8004/pLGUS0241 grown in the four different media were not significantly different, while the supernatant GUS activities from the media with Glu (i.e. MME medium) and Ala were significantly stronger than those from the media with Arg and Asp. The supernatant GUS activities were not significantly different between the media with Glu and Ala (Table 1 ). These suggest that the different amino acids analyzed have a different influence on T3 secretion efficiency although they do not have a significant influence on the expression of the T3 effector tested.
It has been reported that sulfur-containing amino acids, especially methionine, are required for hrp induction in Xcv (Schulte and Bonas, 1992a) . To verify whether sulfur-containing amino acids have any effect on induction of Xcc T3 secretion, we compared the GUS activities of strain 8004/pLGUS0241 grown in MME medium with or without methionine (or cysteine). No significant difference was observed in either total GUS activities or supernatant GUS activities (Table 1 ). This result implies that sulfur-containing amino acids may have no effect on T3 expression and secretion in Xcc.
Effect of carbon sources in MME medium on T3 secretion efficiency As described above, the carbon sources in the four media are different. To evaluate whether different carbon sources have an impact on T3 secretion efficiency in Xcc, we substituted the glutamate in MME with glucose, sucrose, fructose, glycerol, mannitol, and mannose, respectively. After incubation in these media for 20 hours, the GUS activities of strain 8004/pLGUS0241 were compared. As shown in Table 1 , the results suggest that glutamate (MME) is the best among the tested carbon sources for T3 effector expression and secretion.
Since glutamic acid can enter the tricarboxylic acid (TCA) cycle through deamination, a query whether the substrates of the TCA cycle have an effect on T3 secretion was raised. To answer this question, we replaced glutamate in MME medium with a-ketoglutarate, citrate, malate, fumarate, succinate, oxaloacetate, and pyruvate, respectively. Twenty hours after incubation, strain 8004/pLGUS0241 produced stronger total and supernatant GUS activities in the medium with glutamate than with all but one of the other carbon sources (Table 1) . Approximately 3-fold stronger supernatant GUS activity in the medium with succinate was observed, as compared to the medium with glutamate (MME), although their total GUS activities were similar (Table 1 ). These results indicate that succinate is better than glutamate for induction of T3 effector secretion in Xcc. 
Medium ingredients b-Glucuronidase (GUS) activities
Total Supernatant MME 21.748 ± 1.364a 1.158 ± 0.148a MME + Met (2 mg/L) 20.135 ± 1.993a 1.068 ± 0.118a MME + Met (100 mg/L) 21.786 ± 2.232a 1.052 ± 0.073a MME + Cys (2 mg/L) 19.988 ± 0.970a 0.951 ± 0.101a MME + Cys (100 mg/L) 20.555 ± 1.487a 1.001 ± 0.076a A + Pyruvate 7.611 ± 0.233b 0.370 ± 0.029b * b-Glucuronidase (GUS) activity was determined after growth of X. campestris pv. campestris for 20 h. Medium "A" has exactly the same composition of MME except for the absence of glutamate (0.15 g/L casamino acids, 7.57 mM (NH 4 ) 2 SO 4 , 1 mM MgSO 4 , 60.34 mM K 2 HPO 4 , and 33.07 mM KH 2 PO 4 ). The pH of the variations of medium "A" was adjusted to 7.0 after the addition of amino acids or saccharides, as well as for the acids used as carbon source to medium "A". Data are the mean ± standard deviation of triplicate measurements. The different letters in each data column indicate significant differences (p = 0.01; t-test).
Effect of different concentrations of casamino acids on T3 secretion efficiency MME medium contains casamino acids as an organic nitrogen source. It has been reported that a high concentration of casamino acids can suppress the induction of hrp expression in Xcv (Schulte and Bonas, 1992a) . To optimize the concentration of casamino acids for high T3 secretion efficiency, we examined the effect of various concentrations of casamino acids on the induction of T3 effector secretion. Since succinate is better than glutamate for induction of T3 effector secretion, for a better test we used a modified MME medium in which the carbon source glutamate was replaced with succinate and its pH value was adjusted to 6.6 with HCl. As shown in Figure 2 , the total GUS activities produced by strain 8004/pLGUS0241 decreased along with the increase of the concentrations of casamino acids. However, the GUS activity in the supernatant of the culture with 0.15 g/L casamino acids was 2-to 3-fold stronger than other concentrations including the lower concentration of 0.075 g/L (Figure 2 ). This result suggests that an optimal concentration of casamino acids for T3 effector secretion is about 0.15 g/L, which is the original concentration in MME medium. Based on all of the above findings, we have designed a medium for T3 secretion induction in Xcc by modification of MME medium, in which the carbon source glutamate is substituted by succinate and pH value is adjusted to 6.6. We have named this modified MME medium as XCM1.
Additional evidences that XCM1 induces the secretion of T3 effectors efficiently
To evaluate whether the medium XCM1 is also practical for efficient secretion induction of other T3 effectors in Xcc, we randomly selected another T3 effector, AvrAC Xcc8004 (Xu et al., 2008) , to test its secretion induction in XCM1. A reporter plasmid named pLGUS1553 was constructed by fusing the promoter and T3 signal of the effector gene avrAC Xcc8004 with the promoterless gusA gene cloned in pLAFR6 and introduced into the wild-type strain 8004 (see above for details). The supernatant GUS activities of the resulting strain 8004/pLGUS1553 grown in XVM2, XOM2, MMX, MME, and XCM1 were compared. The result showed that XCM1 induced significantly stronger GUS activity than all other media (Figure 3 ), indicating that XCM1 medium is also efficient for the secretion induction of the T3 effector protein AvrAC Xcc8004 .
We also performed a western immunoblotting analysis to verify the secretion induction efficiency of the T3 effector XopXccN in XCM1 medium (see above for details). The results showed that strain 8004/pJAG0241 grown in XCM1 and MME produced similar, stronger intracellular XopXccN protein bands compared to other three media (Figure 4a ). Moreover, a stronger XopXccN protein band could be seen for the culture supernatant of XCM1 medium compared to MME medium, while no visible XopXccN protein band could be detected for the culture supernatants of other three media (Figure 4b ). These results suggest that XCM1 medium is more efficient for the secretion of XopXccN effector. In the study, a strain deficient in T3 secretion, named 8004DhrcV/pJAG0241, was included. As expected, no secreted XopXccN protein was detected in the supernatants of bacterial cultures grown in all of the five media, while intracellular XopXccN protein could be detected (data not shown). These further confirmed that XCM1 medium is efficient for secretion induction of T3 effector proteins in Xcc.
Effect of phosphate, calcium, and magnesium on T3 secretion efficiency It has been reported that phosphate, calcium, and magnesium affect T3 expression and secretion in some animal pathogenic bacteria (Williams et al., 1998; Miao et al., 2002; Duong et al., 2007; Vilches et al., 2009; Anderson et al., 2010) . We realized that an important difference among the five minimal media is the concentrations of phosphate (XCM1, MME, MMX, and XOM2 but not XVM2 contain high concentrations of phosphate) (See details in Materials and Methods). The effect of phosphate on T3 secretion efficiency in Xcc should be further investigated. After incubated in XCM1 with different concentrations of phosphate (10-, 2-, 1-, 10 -1 -, 10 -2 -fold, while 1-fold means the original concentration of phosphate: 60.34 mM K 2 HPO 4 , 33.07 mM KH 2 PO 4 ) for 20 hours, the GUS activities produced by strain 8004/pLGUS0241 were assayed. The results showed that the original 1-fold concentration of phosphate has the best induction efficiency for secretion of XopXccN (data not shown).
It is interesting that XVM2 contains calcium and was proved to be the poorest medium for Xcc T3 secretion (Figure 1) . It has been known for a long time that calcium inhibits T3 secretion in bacterial pathogens that infect animals (Williams et al., 1998) . The effect of calcium on T3 secretion efficiency in Xcc was further surveyed. Twenty hours after incubation in XCM1 without or with different concentrations of calcium chloride (0.5 mM, 1 mM, 2 mM, 3 mM), the GUS activities of strain 8004/pLGUS0241 were assayed. The GUS activity in the supernatant of the culture without CaCl 2 was about 3-fold stronger than that with different CaCl 2 concentrations. This result implies that calcium may repress T3 secretion in Xcc (Figure 5a ).
In addition, it was reported that magnesium modulates (activates or represses) T3 expression and even secre- campestris. The bacterial cells of strain 8004/pJAG0241 were overnight cultivated in NYG (pH 7.0) and resuspended to an optical density of 0.1 (600 nm) in 100 mL of corresponding minimal media (XCM1, MME, MMX, XOM2, and XVM2). Equal amounts of intercellular protein extracts (a) and culture supernatants (b) were analyzed by SDS-PAGE and immunoblotting using the anti-FLAG M5 polyclonal antibody and goat anti-rabbit IgG antibody (Sigma) as the primary and secondary antibodies, respectively. Reactions were visualized by WEST-ZOL TM western blotting detection kit (iNtRON). The experiment was repeated twice and similar results were obtained. tion in some animal bacterial pathogens (Williams et al., 1998; Miao et al., 2002; Vilches et al., 2009; Anderson et al., 2010) . We also notice that each of the five media tested (XCM1, MME, MMX, XVM2, and XOM2) contains a different concentration of magnesium. To verify whether the concentration of magnesium affects Xcc T3 secretion efficiency, we compared the GUS activities of strain 8004/pLGUS0241 incubated in MME (contains 1 mM MgSO 4 ), XCM1 (contains 1 mM MgSO 4 ), and XCM2 (contains 0.01 mM MgSO 4 , see below). The strain produced similar total GUS activities in the three media; however, it produced 10-30 fold supernatant GUS activity in XCM2, compared to XCM1 and MME (Figure 5b) . The GUS activities produced by strain 8004/pLGUS0241 incubated in XCM1 with different MgSO 4 concentrations were further tested. As shown in Figure 5c , although no significant difference in total GUS activities was observed among the MgSO 4 concentrations of 0.01, 0.1, 1, and 5 mM, extremely high supernatant GUS activity was found in the 0.01 mM MgSO 4 concentration. These results suggest that an optimal concentration of MgSO 4 for T3 effector secretion is about 0.01 mM. Therefore, we further modified XCM1 by adjusting its MgSO 4 concentration from 1 mM to 0.01 mM, and named this modified XCM1 medium as XCM2.
Taken together, we have established a medium named as XCM2 for T3 secretion induction in Xcc by modification of MME medium, in which the carbon source glutamate is substituted by succinate, concentration of MgSO 4 is optimized to 0.01 mM, and pH value is adjusted to 6.6.
Discussion
The secretion of many bacterial T3 effectors is barely detectable in culture media, even with sensitive immunodetection (Collmer et al., 2002) ; therefore, a high efficient inducing medium is crucial for identification of novel T3 effectors. XCM2 established here exhibits significantly higher efficiency for Xcc T3 effector secretion than MME, although they showed similar induction efficiency for T3 effector expression (Figures 3, 4 , and 5, Table 1 ). The western immunoblotting analysis results showed that the secretion of XopXccN could be detected clearly in XCM1, but weakly in MME and undetectable in all of the other media tested (Figure 4b) , suggesting that the about 3-time inducing efficiency attributed by succinate is important for detection of T3 effector in Xcc. Moreover, XCM2 displayed about 10-fold and 30-fold stronger inducing efficiency than XCM1 and MME, respectively (Figure 5 ), indicating that XCM2 is beneficial for secretion induction of Xcc T3 effectors. Additionally, the secretion efficiencies of the effector XopXccN in several Xcc strains including CN07 and CN11 are all distinctly higher in XCM2, compared to MME (data not shown), suggesting that XCM2 could be widely used for different Xcc strains. This optimized medium will provide a powerful tool for T3S effector identification and functionality studies in Xcc and hence contributes to the basic concepts and understanding of molecular pathogenesis of phytopathogen.
